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ABSTRACT
(UNLIMITED)

Pyrolytic aluminum nitride has been deposited on refractory
electrical conductors using AICJ.3°NB3 as the source material. Effects
which pressure; temperature and rate of deposition heve on electrical
and otber properties of deposits have heen determined. Density of de-
posite? coatings approach that of the calculated value. However, they
8till contain residual chlorine, causing electricel properties to fall ;
short of what is expected of dense high purity AIlN.

Pyrolytic silicon nitride has been orcpared from gessecus mix-
tures of silane and aemmonia under varying conditions of temperature and
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pressure. Aidherent, relatively soft, amorphous films have been deposited
on substrates heated in the 7000 to 8009C range while hard crystalline
coatings of g "815“1+ have been obtained in the vicinity of 1250°C.
Coatings, which are both hard and amorphous, have been deposited at
-»1000°C snd have been characterized by a mumber of techniques.

High temperature dielectric property tests of aluminum and
silicon nitrides have indicated good high temperature resistivities with
some samples, but considerable variability existed smong semplas. Mea-
surements or aluminum nitride in particular, huve indicated the presence
of impurity conduction. Silicon nitride coatings seem to demonstrate more
consistently high resistivities which make this materiai a potentially
useful dielectric at 800° to 1000°C at low voltages.

Studies of the conduection across gas spaces, due to thermionic
emission at high temperature, indicate this effect is very important in
high temperature insulation systems. Solid insulating barriers do not
prevent, but c¢nly modify such conduction, since the insulztion surface
is also a thermionic emitter.
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1. INTRODUCTION

With the advancement of science end technology the terperature at
vhich electrical conductors are celled upon tc operate efficiently and
reliably has been increasing. So much is this so that only the higher
melting materials can be considered for some projected high temperature
applicetions. Possible conductors for very high tempevature use are
molybdenun, tungsten, platinum and graphite. As with ordinary conductors
these, too, must be provided with an effective electrical imsulavion.
This insulation must of course have adequate thermal stability and elec-
trical properties at tie intended high use temperatures (~- 1100°C) of
the refractory conductors. Added to these requirements is the formidable
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* one of being able to comupletely seal the conductor, thereby protecting it !
from eir or other atmospheres with which it reacts at its contemplated
use temperature.

Two materials, vhich from an examination of their bulk properties, |

i appear to be potentially zffective high temperature electrical insulstors

E are aluminum and silicon nitrides. The chemical resistance of these nitrides
is ver; good, being ecsentially unaffected by concentrated acids at room

temperature. They are attacked only very slowly in boiling acids and

alkalies. Their rate of oxidation is very slow at 1100°C. When exposed

to air at bigh tesmperature, dense adherent £ilvs Vor the retal oxide form

on their surface retarding further oxidation. The d-c resistivities of

sintered alumimui-and silicor niiride bodies st 100090 are reported to be

105, and 106 ohm-cm, respeetively. The coefficient of linear expansion

of elwrinum nitride® in the 100°-1000°C range is 5.7 x 1076/°

B aubadi

- vhich matches fairly well -that of molybdenum and tungsten. The expansion
of silizon nitride is scmewhat lower, having & value of 2.5 x 107°/9% in
* syproxisately the szme tespereatuve range. As & roseli of this low thermal
expsneion and good thsymal conductivity they have excellsant thermal shock
reagistance,
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Mozt of the nitride materials hexetofore prepared and on which the
above properties were deternined were sintersd or hot pressed structures.
Materials in this form are not readily adapted for use, or for evalnation,
as electrical insulation for capacitors or wire conductors. Materials for
such applications should have as low a porosity as possivle, should be
essentielly free of impuritiec and be in the form of films or coatings
having thickness in the mil range. To obtedin such specimens, chexmjcal
vepor deposition techniques were used, producing what has come to be known
as pyrolytic coetings. Taese were applied to molybdenum, tungsten, and
graphite in the form of rods, plates, fcils or wire cotls.

The effects which processing variables, such as rite and temperacure
of deposition an? type of substrate, have on the propertiss of the deposited
£1lms were investigated. Properties exsmined were the composition, crystal
structure, microstricture and oxidation resistance of the filme. 3Such
physical properties as flexibility and dagree of adheeion ol the rilm to
the cubatrate were exemined. ‘fhe tcmperature dependence of such electrical
properties as resistivity, breakdown strergth, dielectric constant und loss
factor of the coatings were determined. An effort was also made to measure
the effectiveness of {he two nitrides es high temperature oxidstion protection
coatings for molybdemin substrates.

2. EXPERIMERNTAIL

2.1 Pyrolytic Deposition of Aluminum Nitride

Aluminum nitride powder has been prepared by veporizeation of eluminmum
in & nitrogen atmosphere at tenperatures of 1800% to .‘20009(2:L &and by strik-
ing & d.c. arc between high purity alumimm electrodes in nitrogen gas.”
Aluminum nitride has been deposited on graphite substrates by thermal de~
composition w. AlClg m,". More recent literature describes the fcrmation
of very thin (up to 25 ricron) films by passing gaseous ammonia and AlCle
over hot substrates.)’0

The present work has used tha solid, volatile, slumimun chloxide-
samnonia complex, AlCley"NHs. &8 the starting material for the deposition of
pyroiytic aluminum nitride. This, in the earlier per. of the project, was
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prepared ceparately and int.oduced in the reaction chembesr as zuch but later
work shoved that it mey be prepared directly in the deposition apperstus

by rassing dry ammcnia ges uver sublimed AlCls. The apparatus is showa in
Fig. 1. It is constructed o* quasrtz tubing with Vycor joiats. Pyrolytic
deposition of aluminum nitride using AlCly*NHy as the starting meterisal is
represented by the equation:

| T00-1400%

AlClB‘E"H:,, - AlN + : HC1

The substrate 4o be coated was suspended from 2 hooks in the cap of
the apparatus by way of mclybdenum or tuagsten wires. 1t was hested to
the deaired temperature by means of an exteraal r.f. coil. Tempersture
/a5 measured by means of an optical pyrometer. The starting muterial in
the cup at the bottom of the apparatus was heated, in the area of 150° to
309°%, using a small heating mantle. The vapor pressure of the AlCle"NHe
complex varies from 0.02 torr st 1609C to 760 torr at k20%C. Substrates
costed were molybdemum, tungsten and graphite rods, plates, foils or wire
coils. Filrs have been depcsited at substrate temperaturefranging frow
700° +o 1500°C. Pressure during deposition hes been varied from about 20
microns in a contimously pumped esystem to atmospheric presiure where s
flow of ultrapure nitrogen vas nsed as a carrier gas. Preaa\}re wug varisd
bty sttachment to a vacuum source and/cr an inlel gas source by appropriate
vaelve manipulation. Veriations in the temperature tc which the subgtrate
was heated during pyrolysis had the mosi significesnt effect on the compo-
sition and properties of dsposits obtained. Veristion in pressure during
deposition appeared to affect such properties as uniformity of coating
thickness and texture of its surface.

2.1.1 peposition of Aluminum Nitride in a Contimuously Pumped System
Pirst attempts to fore aluminum nitride by the pyrolysis of AlCle*NHe
were made in a vontinuously puaped systes. The pressure in these experi-
ments varied from 20 to 250 microns which developed from the vapor pressure
of the starting material and from by-product HCl. Both horizontel and
vertical reaction tubes wers used in these axperiments, Howavan no cost-
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ings satisfactory for meeguring electrical properties were obtained. Most
substrates were only partially ccuied and the thickness of all costings
was very nomuniform. Occurrence of poor adhesion was more prevalent than
in coatings applied at higher pressures. Some molybdenum rods, poorly
ccated in a coniinvous)y pumped system containing undiluted AlClg*Nig
vapors, are shown in 7ig. 2.

2.1.2 Deposition of Aluxminum Nitride Using Carrier Gases at
Atmospheric Pressure

For the purpose of achieving a more effective delivery of reasctant
vepors to the entire substrate surface, a flow of carrier gas was passed
over tlie heated starting material and then to the vicinity of the hot
substrate. Carrier gases tried wer» ultrapure hydrogen, ultrapurs nitrogen
and mixtures of nitrogen ard dry smmonia. Nitrogen was the most convenient
to use and gave results at least as satisfactory as tae others. Ammonia
vas added to the nitirogen carrier gas in an effort to eliminate or reduce
chlorine contamination of alumimum nitride deposited from AlCle-NHg. Hy-
drogenmeminede#acmiergaswiththesamepurpoeeinnim. Both
niirogen and hydrogeu were used at the rate of 0.1 liter per mimte.
Flows of both Ry end Np in their mixtures were variad from 0.1 to 0.3
liter per minute. The use of Kig caused increased producticn of ammonium
chloride “soot" which tended to clog stopcock openings; NR3 appeared to
have no effect on the cnlorine content 27 the deposits. The chlorine con-
tent of these deposits 18 of the order of 0.5%. With hydrogen as the
carrier gas, reddish-gray coatings wers obtained indicating psrtiel reduc-
tion to alumimun,

The usc of ammonia as the carrier gas suggested the preparstion of
AlCie'KHe in situ rather than preparing it separately aud then adding it
t0 the depositi.n apparatus. This wss done by adding resublimed AlClg to
the cup of the ayvaratus and ihen parsing NHg over it before Leating the
substrate. The resulting product was 1iquid at 150°C and was easily
volatilized indicating that it is the 1:1 complex which is formed. No
difference was noted in the coatings formed from this ma.erial and those
deposited using the already prepared complex,
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The general procedure tor the deposition of AIN using nitrogen as the
carricy gas at atmospheric pressure wag ©o Lfirst hsateciearn the substrate
for 20 minutes by bringing it to 1500°C at a pressure of 1 to 2 microns in
the deposition apparatus. The substrate was aliowed to cool in vacuum
before the system was brought to atmospheric pressure with nitrogen.
Starting materisl was then added to the cup in the U pertion of the resction
apperatus. The system was alternately evacuate2d and flushed with nitrogen
several times before starting & 100 ml/min. flow of N, vhich was allowed
to escrpe fram the system through 3 mercury bubbler. The substrate wes
brought to the desired temperature tefore the heating mantle became hot
enough to meit and vaporize the starving material. With the temperature
of the starting material at 250-300°C. molybdemim snd tungsten rods were
completely coated with 1.5 to 3 mil f£ilms withic one hour. Thickness of
the film over the length of 2" x 1/2" diamster rods varied within 1 to 3
mils. Higher starting materisl temperatures increassd the depcsition ratc
but also gave grester variation in thickness and roughness to the film.

In ¥ig. 3 are shown molybdenum rods coated in this manner at various suop-
strate temperatures. Because of the reauy availabiliiy and relative case
of cutting molybdenum, most of the deposition work was done with this
material rather than with tungsten. Grephite was alsc used as s sub-
strate materisl but radial cracking of the cozting was quite common 28 +the
substrate cooled from deposition temperature to room temperature.

2.1.2.1 Effect of Substrate Temperature on Properties of Aluminum Kitride
Deposited at Atmospheric Prescure

Three substrate temperature ranges were exemined in studying the properties
of alumirua nitride films deposited at atmospheric pressure. These were T00°-800°,
1000°-1300° and 1300°%1500°C. In the lowest temperature range, smocth
traasparent insulating £ilms were cbtained. In the middi:z tempersture range,
vhare most of the deposition work wes done, herd cpague films were formed.

In the higher part of the 1300°C-1500° range, either nothizg deposited, or
that which did,was in the form of beads which made only s smell area of
contact with the suostrate. They were therefcre easily rubbed off. Examples
cf these costings «n molybdemm rods are shown in Pig. 3.
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Coatings deposited at 800°, 1000° and 1300C vere examined regarding
their x-ray diffraction patterns, infrared spectra, hydrclyzability and
electrical properties. Differuncss betweer pruperties of material deposited
at 800° and 1000 are greater then those hutween the 1000 and 1%00° coat-
ings. It shculd be mentioned that, desirustie 22 1t might be, it was uot
possible to determine all propertiss of a coating depczited at ary cne
temperaturz on a singie sample. For example, electrical proierties were
determined on thiu coatings deposited on 1/2 inch diemeter molybdenum rods,
about 2 inches long. But to obtain samples of sufficient quantity, free
of the substrate,; for elemental and other analyses, it was necessary to
deposit very thick coatings on molybdenur wire coils. Samples which were
cracked off the c¢cils by bending ard stretching the coils are shown in
Fig. 4. The 800° zaterial is traunsiucent while those deposited at highex
temperatures are opaque. As the cpagque doposit grows thdcker than 1 to 2
nils, nodules become evident on the surface ~f the coating. That the
growth of these noduies actuslly began rigat at ke substrate surface can
be seen from the photograph of the fracturcd ALK costing in Figure 5. Such
nodule growth hes also been noted in the deposition of pyrolytic graphite.!
They are beiieved to originate from miclaation centrvs around foreign
perticles, or irregulsrities in the substrate surface. As the growth con-
tinues, projections grow ocut from the nodévles. One particulerly large pro-
Jection 18 shown in Pig. €. It is very likely that the temperature at which
new materiel is being deposited on these extended pxojections is lower than
that at which the deeper deposit took piece. 4s a result, there conceivably
could be egane differences in the cverall composition of thick end thin coat-
ings deposited et the same nominal temperature. Thess differences could be
significant in relating electricel properties of thin (1 to 2 mil) fiims
with other properties determined cn coatings widch were 10 mils thick or
grester. '

2.1.2.1.1 X-Reay Diffraction Analysis

Photographs of the x-rey &iff:iacticn patterns of 800°, 1000° and
1300°C costings are shovn in Pig. T. The pattern of the 500° material
showe the presence of two arystalline phages. ‘The sharp lines correspond
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Fig. 4 Aluminum Nitride Crecked off Molybdemum Wire Coils on

which it had been Deposited at Atmosphere Pressure (8X)
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Fig. 6 Crowth Projection from Nodule on Surface of Thick Coating (100X)
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to a crystal having the simple cubic NH,Cl structure. More diffuse lines
of AIN are also present. Amwy “ium chloride, which sublimes at about 335°%,

. probably wea not present in the coating as depcsited ct 8009, but could
have been sutgequently fci.ed by hydrclysis of the powdered semple. No

. MH,Cl lines are present in the patterns of tne 1000° and 13009C coetings;
only the AIN structure ’s pesent.The linecs in the pattern of the 1300° material
are mich sharper than in the 1000° deporit, indicating an increase in the
orientation of the crysal structure ss the deposition vemperscure jincreases.

]
E :
‘ 2¢ac2.1.2 1.frarsd Spectrs
Infrared spec‘ra were obtained cu the 800°, 1000° and 13009 alvminum
uitride deposits using Mujol mulls between NaCl plates. These are shown
boe in Fig. 8. Here, tco, there i avidence of considersble amounts of
| ammoniun chloride in the coatings derosited at 800°C. This is indicated
. by the sharp absorption at 7.2 microns, between the 2 Mujol peaks, and
: lesser NH,C1 bsnds at 6.2, 5.8, 5.2 microns, and several in the 3 o 3.5
micron region. The very sirong bread band cent.red at 14 microns is
cheracteristic of Al.. In the spectrum of the 1000° material, tha 7.2

é micron band, snd all of .he lesser NH,Cl bands are much weaker than in
; the 800° deposit. The AIN band in the i2 to 15 micron region is still
Z strang. In the spectrum of the 1300° deposit the 7.2 micron band,es well
5 as the other NH,CL bands, hes disappeared leaving cnly the Nujol and ALW
% abgsorption. Spectre for Nujo! and for NH,CL are given in Pig. 9 and 10
| for cowmparisan.

; Oace again, these spectrs do not necessarily poiut to the presence of
Ni,Cl as such in the coating &s deposied, It probably results from one,
or more, incompletely condensed materialk still comntaining hyérolyzable
chlorine and nitrogen.

2.1.2.1.3 Hydrolyzability

. In removing the coated substrats from the deposition tube, it some-
times ceme 4n contact with the tube walls, pickirg up some particles of
Sy-product smmonium chloride. This ws. especially true of wire coll sub-
strates. To remcve any trace of NH,Cl picked up in this menner, the
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coeted coll sms washed suveral times with deionized water. O one occusion, '

! after thuroughly washing an 800 coating, the coll was leit = sbomt an .
i bour in deicnized weter in a stoppered vial. Upon openisng the vial, &
: strong ofor of samonia #ms detected. Tae vater was replaced aund the pro- -

" cedure was repeated. Again s strong odor of KHg develupsen, suggesting

poor hydrolytic stability o coatings deposited at 800%C. This sewe

vashiog and sosking was repeaied with coils coated at 1000°and 13009¢.

No srmraie odov was detected.

A somewhat more exact meesure of the uydrolytic stability was then

obtained. E£arpler of alumin:m nitride coated ca.mclybdemum wire coils

at 8079, 10009 and 1300°C were washeld rapidly with Aeionized water to

remove any NE C) picked up cn being removed from the deposition tube. .
After dryirg at 1309C, they were finely ground, weighed end scaksd in

25 ml of deionized water. After 1 hour in water with intermittent shaek-
ing, aliquots for ammonia and chloride ion de.ermiretions were removed
using & pipette fitted with a filter stick. Ammonia content was determined
colorimatrically by the use of Nessler's reagent. Absorbance wz2 messured
at 4000 § using a Beckman Model TU spectrophctometer. The aliquot for
chloride ion determination was diluted with a mixture of methanol and
acetone and then acidified with L:l HpSOg. It was titrated with 0,0025 N |
AgNOs using glass and silver electrodes. After 8-1/3 hours, ailiquots 5
were again removed for ammonie and chlorids determinaticm. Resuits of i
these determinations are shown in Table 1., It can ke ze=2n

Teble 1

% Products of Hydrolysis of Alumimm Nitride Deposits?
= at 800%, 1000° and 1300°C Using AlCle + NH: 53 Reactanis

L X

! 1 Rour Hydrolysis B.5 Hour Hvdreivsis .
: Deposition Moles NH Moles HC1 Moles NH- Moles HC1 !
§ Temperature 100 gm Semple 100 go Semple 1CC g= Sewpie 100 gm Sample !
: 800°c 0.120 0.12¢ 0.160 6.113 *
1000°¢ 0.018 0.007 0.042 0.011
1300% 0.008 0.004 0.031 0.007

16




that coatings deposited at 800°C are more susceptible to hydrolysis than
sre the 1000°C and 1300°C coatings. At lower deposition temperatures,
the deposit very probably contains incompletely condensed hydrolyzable
materials having the general composition: e

\Al/%\ul/*\ m\m/P\u \
@l élJ . | ltﬁaL " |

The presence, and hydrolysis, of the amino-substituted material would
account for the higher than 1l:1 molar ratio of ammopia to HCl sctually
found in the hydrolysis producis. It is possible that the instability
that does occur in the higher temperature coatings is due to the "pro-
Jection growth® (Pig. 6) which no doubt deposits at lower than nominal
deposition temperatures.

2.1.2.1.4 Electrical Properties

Cmductivity, loss factor ard other eleciricsl proverties of
aluminum nitride films deposited at 800° and 1200%C from AlCle and NHg
vapors are shown in Figs. 11, 12 and 13. As might be expected, the con-
ductivity of the deposits formed at 8009 is fairly high. The d-c value
neasured at 300% 1s 8 x 10"3° (Ghw-cm)™l., Bince at this temperaturs the
conductivity vs tempersture curve is becaxing quite steep, measurements
vere not made st higher tazperatures. The conductivity of the f£ilm
dspcaited at 1300°C was messured up to & tempersture of 600°C. Tt is
lower, by u factor of m“, than the 800° depoeit. The eiectrical
propertiss of this film sre comparsble to those of films previourly de-
positad using the seperstely pzepared AlCleNEy cquplcx.e The diclectric
constsnt and conductivity values reported here in Figs. 12 and 13 may
be in srror by as much e= 20% dus to the uncertainty about the film
thickness, which vas varisble due to roughnest of the suriace. The srr-
face was in fact sc rougk tiwt comtinuity of the dsposited plstimm
electrods could not be meintained at high teperstures {600°% aad above).
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2.1.3 Deposition of Aluminum Nitride at Intermediste Pressures
As described above one of the early prceedures investigeted

for the deposition of aluminum nitride was thst of heatiing the substrute
in & continuously pumped (.0l to .02 torr) system containing undiluted
AJCl3 NH3 vapors. This method gave very nonuniformly costed or only
partislly costed substrates. More uniform coetings were lster obtained
by using & flow of nitrogen at etmcspheric jressure to carry vepors of
the complex over the hot substrete. Properties of coatings deposited
at atmospheric Dressure were examined quite extensively. The coetings
vere very hard, brittle, oxidation resistant and afforded considerable
cxidation protection to molybdenum substrstes. However, the presence
of residual chlorine in the coatings was believed tc have been the
cause of faillure to attaia the expected excellent high temperature
electrical properties of aluminum nitride. Another bothersome aspect
of coatings deposited at atmospheric pressure was the development of
beaded nodules in coatings one mil thick and greater.

It vas suggested that deposition in vacuum would possidly aid
in removal of chlorine impurity. 8Since deposition under continuously
pumped conditions did not give sstisfactory coverage, ® combinstion of
the vacuum end the atmospheric nitrogen flow system was then investigated.

Ii. this procedure sluminum chloride, in the cup st the bottom
of the U tube shown in Figurc 1, was rescted with ammonis to form a
volatile complex which is solid et room temperature but liguid above
lSOOC. Substrates were given & 20 minute hest cleening and degessing
by heating with an externsl r.f. induction coil to about 1500°C st a
pressure of 5 to 10 microns. Substrates in this case were usually flst
wolybdenum, snd some graphite, plates suspended with their mein plane in
the horizontel position as sketched in Fig. 1. %xemples of these costed
plates are shown in Fig. 14. The temperature of the substrate wes then
lovered to the desired temperature and the pressure wag incressed to 5
to 10 torr by allowing ultra pure nitrogen to enter the system by way
of & controlled leak. The temperesture of the cup containing the source
material vas raised to 150°to 200°C by means of a heeting wsntle.
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Fig. 14 Aluminum Nitride Deposited on and Izolated from
Molybdenuuw Plates
A. Four Mil AIN Film Isolated from Molybdenum Plate
B. and D. Aluminum Nitride Deposited on Molybdemum Plate
C. Tex Mil AIN Film Isclated from Molybdenum Plate
E. Reverse Side of Coated Plate
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Under these conditions with substrete cemperatures 0{311000
to 1400°C the vate of depcsition can be veried from 1 to 10 mile pur
hour by varying the temperature of the starting materisl frow lSO° to
200%:. As experienced previcusly, it hae not been possible to deposit
onto 8 substrate at temperstures greater than 1h00°C. N> costing is
obtained ot this or higher temperatures. Coatings in the 1350° to

lhOOQ{range were obtained by giving the substrste s flash (~- 30 seconds)

coatiﬁg at ~1000C then raising the generstor to full power. With the
flssh costing on, further deposition takes placc st l350~1h009:. Full
powef setting on the generator essily heats a bare molybdenum plete

or roéd to 1600°C but the high emissivity of the <osting prevents the
flash-coated substrate from sttaining this temperature. Depositions
applied to lightly send blasted molytdenum surfaces are quite hard
{~~ 8 on Moh's scale), adherent, relatively smooth snd éencrally free

of nodules. The lower the rate of deposition the smoother is the

surface of the deposit. The uriformity and appearance of thcse coatings

are superior to those formed st atmospheric pressure. As deposited
adherently on the molybdenvm pls-e, coatings sppear grey but when
relessed from the plate they are white or light ten. S:ome of these
are elgo pictured in Fis. 1k,

Ssmples for clemental analysis have been cracked from plates
or rods by crushing the costed specimen in & hydraulic press. Resultrs
of snalysis of two different depositions st IESOP te 130000 sre given
in Tetle 2.

Tetle 2
Klemsntal Analysis of Pyrolytic Aluminua Nitride
. M $x za
Theoretical 65.85 34,15 ————
18-103-3 6t.2 22,8 0.31
LH-111-2 66.1 33.3 0.32

It can be seen that ther » ssmples while containing less chlorine than
previous depositions still contain about 0.3% or this impurity. As
discussed in Section 2.% of tuis report (Figs. 38 apd 39), their

2
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high temperature electrical properties sre similer tc veluses reported
for hot pressed spicimens. They are not vwhat is expested for high
purity aiuminum nitride.

In sddition to isclisting coatings by crushing the coated
substrate in s press, samples of pyrolytic sluminum nitride have been
sepsrated from molybdenum plestes, {which had been coated on only one side)
by dissolving the plste in & mixture of nitric snd hydrofluoric ecids.

Two such isolsted coetings are seen in Fig. 1k elong with coeted pletes.
The acid hes no noticesble effect on the coating,

2.1.4 Composition end Structure of Pyroiytic Aluminum Nitride
It is well known tnst elemental analysis of these highly

refractory and iner:r msteriels is very troublescme. Results of nitrogen
determination sre often less then 1/2 of the sctusl value. But it is
believed thet a reliesvle method of analysis has finaily been developed
on this project. The procedure of analysis is given in the last
paragraph of the section. 7Two examples of results of anslysis of
pyrolytic sluminum nitride ere seen in Toble 2. In these two samples
the eversge of aluminum values is 0.3% higher then theoretical &nd the
nitrogen eversge is 0.75% low. These anslyses indicate that the
deposit is AIN. However, chlorine contemination of these meterials
deposited by pyrolysis of AlCl,-NH, st 1300°C end 5 to 10 torr is of
the order of 0.3%. 0

As noted earlier, x-rey diffraction analysis of these deposits

3

show the presence of the hexsgonel wurtzite structure which AlN is

known tohave. Infraredsnaliysis slso confirms its preseznce. QOptical
(500x) and eiectron microgrephs (6400x) of e cross-sectioned surface of
meterisl deposited at etmospheric p- <zsure showed the presence of voids.
In Fig. 5 of this report is @ 50x phc .ograph of & fractured surface of
this materisl showing the presence of a aodule growth. The occurrence
of such nodules has been reported in the structure of pyrolytic graphite
and boron nitride. The density of this msterial, determined on a sample
of rather limited size was 2.61 gfcc. Ister samples deposited st 1350°C
and 2 pressarc of 5 to 8 torr proved to be mucli more dense. The density
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of a k.35 gram sample accumulated from 4 depositlons, by dissolving
eway the molybdenum plate subatrates in a HNOx-HF mixture, was found to
be %.13 g/cc. This compares wﬂo.th a value of 3.26 g/cc calculated using
the cell dimensiors, & = 3.111 A aad ¢ = 4.960 £, An air comperison
pycacmeter was used.

In the determinstions of chlorine in AlN, O.1 gram of the
dsposit was diasclved by slowly boiling in 8 ml of 50‘1: NaOH solution.
This was acidified with Hpo80, end diluted with 100 ml each of methencl
and acetone. It was then titrated with AgNOg. A blank wes run on the
reagents in the same manner. For aluminmum analysis, again & 0.1 gram
sauple was dissolved in the same way and then acidified with HC1l. Methyl
red indicator was added, the solution was brought to boiling, and then
neutralized with NH,OH. The precipitated hydroxide was healed for 1
hour at 11009C to comvert it to the oxide which was then weighed.
Nitrogen was determined by covering O.1 gram of sample with 3 grams of
Ii0H-H40 in a pletinum crucible. The crucible wes placed in & quartz
apparatus “Lrsugh which a flow of nitrogen was maintained. The quartz
tube was heated to 700°C for 1 hour and the exit gases were bubbled into
6NHpSC4 to sbsorb liberated NHa. This acid was transferred to a micro
Kjeldahl apparatus from vhich NHg was distilled into a 5% boric acid
solution. ‘The boric acid was titrated with O.1N HC1.

2:1.5 Oxidation Resistance of Aluminuu Nitride Coatings and Prctection
Offered to Molybdenum

The product. of oxidation of aluminum nitride at high tem-
veratures is alumina. Total conversion of the nitride to the oxide would
result in a weight gaan of 25%. To determine the extent of oxidation of
e 4 mil film deposited at atmospheric pressure, it was heated in air at
1000 for 115 hours. After 90 hours the sample stopped geiuing weight.
Tha tctal increase during this heating was 4% which prcbabiy represents
the conversion of the nitride surface to alumina.
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Table 3

Waight Loss of Alumirum Nitride Costed snd
Uncoated Molybdenum Wire Coil in Air at T00°C

Coated Coil Uncoatied Cojl
(1H-54-2)
Weight 3.3960 graus 3.425C grams
Ares 13.37 c:n2 13.45 cm2
Hours at 700°C Weight Lcst weignt loss
grams 5ms/cm2/'hr grams gmsjcmejh}:
18 0.0022 1.5 x 1071 0.8838 6.1 x 10~
25.5 0.0045 2.2 x 1077 1.348 6.5 x 107
b1 0.00137 k4.1 x 1077 2.0482 6.4 x 1070
65 0.0b32 8.0 x 1077 3.0083 5.6 x 10°7

Molybdenum rods end wire coils ccated with aluminum nitride
were beated in sir at T00°C ané sbove tu determine to vhat extent the
coating protects the metal sgainst oxidstion. Molybdenum metal
begins to oxidize noticeedly at 400° and very actively at 500°.  Sub-
limstion of the oxide layer bewins st about 640°C, Judging from the
oxldation resistsnce of the niiride film itself, a continuous nonporous
f£ilm should protect mciybdenum from oxidetion up to 1000%C. & coil
mede of 0.040inch molybdenum wire was coated with 0.2 mil of A1N.

This coll,along with an uncosted molybdenum coil of similsr gecmetry,
wvas hested ct TOO°C for 65 hours. The loss in weight of esch coil
with time ie tabulated in Table 3. The weight loss of the uncoated coil
ig seversl orders of megnitude grester than thst of the coated coil. The
rate of weigkt loss oi_’ the uncoeted coil is fairly ccistent at sbout

6 x 10'5 gxn/cmelhr, but that of the coeted coil is ini%ially about

10"T gn/en/hr and siowly incresses to aboat 1076 gofcafor. his
incresse is the rusult of the onset of pitting of the wive. During the
first 41 hours, corrosion was noted on the rough cut ends of the coil
viich appeared tc contain uncoated crevices. At the 65 hour wzighing,
piting was noted on one of the turns. Tre condivion of coated and
uncosted colis is pictured iz Fig. 15.
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Fig. 16 Aluminum Nitride-Coated Molybdenum Rod Heated 17 Deys irn Air
at T700°C Showing Corrosion Growth in Hole &t Right (3X)
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Fig. 17 A. Aluminum Nitride-Coated Molybdenum Rod Heated in Air for
20 hrs. at 700°, 24 hrs. at 800°, 24 hrs. at 914° and
k2 hrs. at 986°C (3X)

B. Corrcsive Attack on End of Same Rod After this
Heating Schedule (12.5X)
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A 1/2 inch diameter molybdenum rod which vas given a 3 mil
coating of AIJN was hested for 17 days in sir st 700°C. This is shown
in Pig. 16. The cnly evidence of oxidetive attack is & small white
grnwih which can be seen in the interior of one of the auspension
holes. Ancther 1/2 inch diameter rod which hed been coeted with 6 mils
of AIN at a substrate temperature of 1150°C, and a pressure of 5 to T
torr was heated in air up to 986°C~ The heating schedule and cumulated
welght change of the coated rnd are es follows:

700°C 20 hours 1.8 ug
800°¢C 2L hours -

914°% 24 hours +2.1 eg
986°c 42 hours +2.1 ng

The specimen was taken directly from furnace tempereture to room teap-
erature for observation and weighing. After weighing, it was put back
into the furnace et temperature. In Fig. 17A is e photograph of the
rod after this heeting schedule. No change was noted in the appeerance
of the coeting after the 700° and 800° heeting. After 2l hours at
91h°,several fine vhite lines were visible in the coating at one of
the flat ends of the rod. After the subsequent 42 hours st 986°, a
breek occurred in the coeting st this point showing oxidative attack.
This bresk is shown in Fig. 17B.

2.1.6 Flexdoility of Aluminum Nitride Filims

8ix inch lengths of .OL0" molybdenum wire lLave been coated
with aluminum nitride in thicknesses of 0.5 mils to several mils. These
insulated wires were used to check the flexibility of the coating. When
wires conted with 0.5 mil tilms were bent around an 0.8 inch mandrel,
genera’ cracking and some chipping occurred. In another eveluation,
5 mil molybdenum foil stripe with 0.2 mil coatings and others with
much thinner filas (€.l to 1 micren) were beat over mandrels renging

from 3 to 7/8 inches in diameter. The uvsuel diameter increment between
mendrels was 1/4 inch. As seen in Pig. “8A the 0.2 mil film did not
shov cracking until bent arcund the 2-1/4 inch dlameter. Over the

2 inch mendrel, thore Wi incressed cracking and some chipping began.
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Fig. 18 A. Tvo Tenth Mil Film of ALN on Molybdenum Foil Showing

Cracking wken Bent over 2-1/4 inch Mandrel

One Tenth Micron AIN Film on Molybdemum Foil Showing
no Apparernt Cracking when Bent over 7/8 inch Mandrel
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Fig. 16B shows a molybdenum strip having a coating thin enough to show
interference patterns. No obvious cracking in this £41m took place as
the mandrel diameter was reduced to 7/8 inch, but when examined under a
micfoeeepe a fev long cracks were apparent.

In aspplications such as capacitors, vhere thin coatings are re-
quired and vhere sharp bends are not encountered,the limited flexibility
of these coatings probsbly could be tolerated. They might also be used to
insulate coils where these could be formed into the desired shape prior to

coating.

2.2 Alumima Nitride from Reaction cf Aluminum with Amnonia

The llterature contains several repcrts of the preparation of
alumimum nitride by the nitridation of elemental aluminum. Nitridation
has been carried cut by striking an arc betweer aluminmum elecirodes in an
atrosphere of nitrogena; by vaporizing aluminum at 1800 to 2000°C in &
nitrogen atmosphere; ard by heating the molten metal to 1000%C in a flow
of axmcnia 3539.

We have made several runs in which molybdenum rods, coated with
a layer of evaporated alumimm, were heated to 1250° in a flow of dry
NHe g28. The rod was suspended in & vertical quartz . e (Fig. 1) through
vhich amronia flowed at a rate of 0.7 liter /min. The rod was brought to
temperature as rapidly as possible (<5 mins.) so as to minimize the risk
of the aluminum beading up or alloying with the rod. No beading was -
apparent, but alloying did occur as ncted below. An insulating film of
A1N, about O.k mil thick, was obtained on one rod. The film had peeled
away from tne rod at several spots. An x-ray diffraction pattern of the
peeled £ilm showed ALN to be present. When snother sample was scraped from
the same rod, the sample vae contaminated and diluted with substrate metal
and an interface allcy. In the complex x~ray diffraction psttern of this
sample, alloys baving the crystal structure of Mo3A1 apd Aljv.o were detected.
Pilms formed on other rods by this method either ccntained pinholes or
vere 8¢ thin that probes and electrodes easily pierced *them. In theze
experiments, the operations of vacuum heat cleaning of the rcd, evaporation

of the saluminum £ilm, and nitridation of the film were carried out separately.
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Timitation of time did not permit the comstruction of an apparatus which
would allow all three operations to be carried out without exposing the
rod to the atmosphere between operations. One o the problems encounter-
ed in this work is the difficulty of obtainirg adherent, pinhole-free
evaporated alumimim films which are thick ensugh to produce aluminum
nitride films having adequate electrical resistance.

2.3 Pyrolytic Deposition of Silicon Nitride

The early synthetic work on silicon nitride was accomplished by
the nitriding of silicon powders or the ammonolysis of silicon tetra-
chloride followed by heating to produce bulk semples of silicon nitridel’ 12
This was followed by the investigation of Popper and Ruddlesden who pre-
pared structural materials from uitrided s:l.?.:i.ccm.3 The process involved
pressing fine silicon powder into the desired shupe; partially nitriding
to increass the strength of the greem body, machining to final tolerances
and finally nitriding to as great an extent as possible. This generally
resulted in structures which had s high degree of porosity and a relative-
1y large amount of non-res ted silicon. The electrical properties of thise
materisl (18-28% porosity) show it to be a good insulator with resistivities
of > 10%0 ohmecm at room temperature and 10° chm-cm st ~1000%. It the
nitrided silicon body was compected to higher density, however, the con-
ductivity increased. This has been attributed to the nresence of nonre-
acted silicon in the nitrided tody.

More recent efforts in the investigation of silicon nitride: have
been concerned with the preparation of films as passivating layers for
integrated circuits and encapsuleting materisls for devices. 15,3k Thin
fiims of silicon nitride seem to be well suited to this use since the
material is reported to have a high order of chemical inertness and dis-
plays resistance to radiation and oxidation at high texmperatures. Silicon
nitride also acts as a barrier to the diffusion of sodium.’> Problems do
exist however, in the characterization of silicon nitride. Materials
described as silicon nitride in pstents and in the zhemical literature
are sometimes found to be other materials. An example of this i# work that
was done to deposit silicon nitride es a high temperature dielectric
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for use in molybdenum capacitors. After several paterts had been issued

and & publication had appeared, the authors discovered that +the material they
had thought to be silicon nitride was in fact silicon dioxide.t” 19
Fortunately, in this case, the authors were quick to point cut the

error.

The recent interest in silicon nitride as a possible replace-
ment for silicon oxide scting as a thin film on semiconductor devices
has resulted in the development of new tecnniques for the syntbesis of
this material. These inciude r.f. sputtering, pyrolysis of silicon
tetrachloride in an ammonia atmosphere, vapor phase transport, the
pyrolysis of silane and ammonia, and various other methods.13 We have
independently investigated same of these methods including the SiCl, +
NHs method, a method involving pyrolysis of a SiF,*Z2NHg complex, vapor
phase transport, and the use of egilane and an'zm)nj.a.a.8

The SiCI,~-NHg method ideally would be thought to follow the
reaction ag illustrated in Equstion 1.

38iClg + 4NHg ——— Sigly + 12HC1 . (1)

It is known, however, and in fact it is readily cbservable, that SiCl,
and NHy react even under ambient conditions o give a complex polymeric
product possibly containing, in addition tou the 5i-N bonds' expected,
S1-Cl, Si-NH, SiNHp, various cther groupings and impuritiss such as
NE,Cl. Conditions desirable for good chemical vapor derosition, such
as the absence of a gas phase resction for sxample, are not readily
obtainable except under the most carefully controlled conditicus.

A solid phase complex of 3iF, end NHa, which was reported in
1955 by Miller and Sislerao, was also used to prepsre silicon nitride.
The cazplex, SiF¢-2Nis, after being placed in the reactiun apperatus, was
volatilized by localived heating, transpcrted into the vicinity of a hot
substrate by carrier geses and subseguently pyrolyzed to silicon pitride.
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The equations describing this sequence of »eactlons are shown ss Equations
2 and 3.

SiF, + 2NHg~——> 3iF;’2NHg (2)
2SiF *2NHg —>SigNg » 2NHF + 1OHF (3)

The by-products shown in Equation 3 would be expected to zive rise to
problems similar tc these found with the use of 5iCly and NHg.

The system which has been subjected to the mos% thorough exsmina~
tion has been that which involves the pyrolysis <f silane and smuonis.
Ideally, this reection would proceed as showm in Equation k.

35iH, + ki — O Sigl, + 126, (k)

Of the systems considered, this one, due to the sbseace of solid phase
by-products, should proceed with the least chance of bty-profuct contam-
ination. In addition, silun® and ammonia do not undergo reaction at
ambient or even moderate temperatures, *uersby minimizing the possibility
of sportaneous nucleation from the ges vhase. It showld be mentioned, how-
ever, that the main disadventage of wori:’g with this systam is that
silane is a pyrophoric material and must be handled in the absence of air
or mqrgen.al.a}

2.3.1 Deposition of Silicon Nitride by the Pyrclysis of 8ilane and Amronis
The deposition on & mciybderum surface, of f£ilms from silane and
amnonie, as it hag developed in this investigation can be classified into
three categories, These are primarily dependent upon the temperature of
deposition and tc a lesser extent upon the pressure during the deposition
cycle. After a general description of the experimental procedure, the wc
extremes of temperature vnder which coatings have been obisinsd will be
discussed along with the properties of the coa“ings cbtained at these
temperatures. The solid phase by-product of the reaction will be briefly
discussed and a suggested mechanism for the Ceposition of silicon nitride,
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which %8s besed on the pyrolysis of gilane and the knowm physical proper-

ties of the coating and by-products, will be developed. Finally, the .
coatings which are deposited at —~1000°C and seem to display the most ,
desirsble nroperties will be discussed in greater detail. . i

2.3.1.3 Reagents
cerrier grade, ultrapure, nitrogen obtained from Air Products

and Chemical Inc., smaydrous amuonia !> 99.95%) and silane (99.9999%) ;
frum the Matheson Co., Inc. and trichloroethylene, electronic grade, from |
Fisher Scientific Co. were amoug the chemicals used in this investigation.

AEX Air Ersser Compound, obtained from Pamssche Air Brush Co., Chicago,

was utilized Jfor surface sandblasting ¢f a substrate prior to deposition. .
2.3.1.2 Apparaius .

Originally the apparatus wes ona constructod with a borosilicate
glass marifold and fased sillca reector. This was later modified to the
present system (Figs. 19-21) msde vith a type %16 stainless steel mani-
fcld and a wa.te:-coole@ fused-silica reaction tube attached to tha system
through O-ring seals. The rotameters, which ure connected to the system
through Teflor nressure fittings, are calibreted glass “ubes with stain-
less steel and glase floats. Gar flows ars contrclied ty stainless steel
needle valv.c - other valves in the system being stainless steel with
Teflon packing.

2.5 "5 Bubstrates

Craphite rcds, plotinum sputtered on fused siljca, fused silice
stides, platipam foll and molybdemm plate, rod, wire and foil bave been
ased <8 suoatrataes ir these experimeats. Difficulty wss exj)ériznced ia .
‘nivormly heating molybdenum wire coils in an r.f. field. Since the
el:ctricel measuremsnts could more resdily be performed on plates or rods,
end asince tne elactrical and oteer physical propertles characteristic of
the nitrids f£ilme on .wiybderum would be expected to be the sams on a
wire ar: Jound on a plate or rod, it vwas rot deemed necesssry tu change
the method of heatling to, for ex.uple, resistance heating in order to
accomucdate the wure.
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Fig. 19 —Schematic diagram of apparatus used for the deposition of silicon nitride
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Of ths substrutes considered, the thermal coefficlent of ex-
pangion of molybdemm offers u reasonably close mateh to that reported
for silleon nitride (sez Table h). In addition, molybdspum is a favor-
able high temperature electrical conductor since it can carry the high-
est cuovrent per unit mass of all the refractory conductors., For thase '
reascns most of the recent work on the daposition of silicon nitride
has been done with molybderum; sither in the form of ylate= or rods; as
the substrate materisal.

Table 4
Properties of Some High Tempsrature M&teri&ls(zl‘)

Material Malting Density Eisctrical Thermal
Point Resistivity Expansion
_&fec Micrc obme-cm x10~0  Op-l
Tungsten %10 13.3 5.5 k.5
Tantalum 2996 16.6 13.5 6.6
Osmium 2700 22.5 9.5 6.6
Molybdenum 2620 10.2 5.2 5.4
Platimum s . 2l.ks 10.6 10.2
Silicon Nitride 1900 3,18 xaott 2.5
(dacom. )

It has been experimentally observed that sandblasted and do-
greased mclybdepum surfaces provids a favorable surface for the deposition
of silicon nitride. In fact in one experiment a molyvdemum plate was
partially sandblasted, thcroughly cleaned and costed with pyrolytic
silicon pitrida. As shown in Fig. 22, the sandblasted area recsivad s
mich more adherent and uriform ccating than the erea which was not sand-
blasted. Use of a polizhad molybdemum substrate generally resulted in a
£ilm with poor adherence., As a result of these and aimilar experiments
s standm<dized surface preparation, that has proven to be satisfectary,
hes experimentelly evolved. This consists of sandblasting the molybdenum
substrate followed by seversl successive ulirasonic degreasing treatments,
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each with freuwh aliquets of itrichloroethyiene, rireing with trichloro-
ethylene and air drying. The substrate is ther heat treated just “efore ‘
deposition, as indicated in & subsequent sectlon. ,

2.3.1.4 Procedurs
Typically, the experimental procedure involved placing & cleaned ]

susstrate on A susceptor which in turn rested ca an inclined fused

silica sled. The susceptor generally consisted of & 0.060" or 0.120"

thick molybdenum plate. After assembly. the sled, susceptor and substrate

were inserted int- the reactor and centered in the work coil of the r.f.

generator. The reactor was isolated frca the stmosphers, purged with

nitrogen and then evaruated to a few microns of piessure. Further clean- . ;
ing of the substrate was then acccmplished in vacuo by heating the sub-
strate-susceptor azsembly to the vicinity of 1500% for ten to fifteen .

minutes. The substrate was ‘hen ajlowed to cocl and the pressure in the
system was adjusted by .etering in the desired quantities of nitrogen,
emnonia and egilane, (Experiments were done at pressures ranging from e
few mn of mercury to slightly above atmospheric pressure)., Deposition
wes initiated by agaein heating the substrate., The temperature was closely
monitored, especially during the early pha.es of the deposition, and ad-
Justed to maintain as near a constant temperature as possibdle.

Exhaust gases, which probably contained unreacted ammonis and
silane as well as hydrogen, higher gaseous silanes and other camplex
gaseous by-products formed ag & result of the pyrolysis, were passed
through & liquid nitrogen trap before being pumped into the atmosphere.
(In the case of experiments at slightly above atmospheric pressure, when
no vacuum pump was used, the exhaust gases were bubbled directly through
& basic alcohol solution to decompose silane before exposure to air; no .
Jiquid nitrogen trap wes used in tnis circumstance.) At the termination
of a reduced pressure experiment, the system was pressurized with nitrogen
and, after a nitrogen flow had been established through the basic alechol
solution, the traps wire gsntly warmed allowing the condensed reactants
and by-products to be passed through the basic alcokol solution., In a
carefully purged and lesk free system no problems were observed using this
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technique. It ie imperetive, however, that care be exercised since even
: the slightest leak could possiuly allow oxygen (b.p.-182.5%) to condense
e in toe 1iquid nitrogen trap (b.p.-195.8%C).

2.3,1.5 Deposition at T00-800°%
A series of experiments copnducted with the pressure of the reactor

(air cooled) held slightly above atmospheric and flow rates of ~0.5 cc/min
of silane, ~ 8 cc/min of ammonia and ~250 cc/min of nitrogen over a
molybdenum substrate held in the vicinity of T00-800SC ylelded coatings
wvhich wesz metallic gray in color and relatively soft, having a hardness
of €.5~7.5 on bichs! scale. These materiuls were characteristically amorphous
a8 determined by x-rsy powder data and yielded an infrared spectrum lite
that shown in Fig. 2%. The predominant feature of this infrared spectrum

. is 2 very broed band centered at ~~950 ™, The position of this band
is in the vicinity of that arising from &n Si-~N absorvtion and the brosd
featureless nature cf the sbsorption is characteristic of material Laving
& low ordar of crystallinity. Coatings of this material display & rela-
tively high resistivity when tested, at room temperature, with the rrobes
of an chmpeter. It was found however that these materials could be con~
verted to a conducting material (at room temperature) simply by heating
to temperstures in cxcess of 1000%. Subsequent x-ray powder data revealsd
that the material contained a new crystalline phase=silicon. Whether
this giliicon wes formed simply by crystallizaetion of amorphous silicon
present in the £ilm cr resulted from a disproportionation-crystallization
mechanism is not known. It is spparent hovever that the low tempersture
depceit, found under the stated conditions, does not display the sheracter-
istics of silicon nitride - even though the infrared spectrur is that

. expécteé of amorphous eilicon nitride.
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. 2.3.1.6 Deposition at ~1250°%
Under the same general coudition of pressure and reactant gas
compeeition, but with substrate temperatures in the vieinity of 12509 the
. deposit obtained is a-SigN, as evidenced by x-ray powder data. A Mohs!
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hardness test ylelded a hardness of > 9 which is in good agreement with
the reported values for silicon nitride.? Infrared spectsal investigetion
of this material revealed the spectrum expected from crystalline silicon
nitride (Fig. 27). These data are aleo in good agreement witb published
spactra of silicon nitride and our own messurements made on comuercially
avajilable samples cf silicon nitride p<:vwder.25 In g«aneral, the crystalline
uitride prepared at 1250°C in our apparatus varied in color from white to
light tan, in contrast to the distinctly metallic gray cclor of the commer-
cial silicon nitride.

One of the interesting observations made during this initiad
series of experiments with molybdenum substrates concerned an apparent
decrease in temperature during deposition. This was the subject of some
cuncern since it could reflect either an actual cooling cccurring through
ar increased emissivity of the coated rcd or 8 decrease in emissivity,
causing a change only in the tempers‘ure recorded by pyrometry, but not
in the actual temperature of the su strate, The resolution of this problem
was accomplished by prepsring a substratz of a two inch section of one-haif
inch diameter molybdenum rod,containing & hole which was 1/16" in diemeter
and 5/8" deep to approximate a black body cavity. A series of messurements
at different temperatures was mace on the clean molybdenum surface and the
results were ccmpared to those obtained by taking measurenents under the
same conditionc from the hole approximating a black body cavity. This,and
a similar rod,were then coated with the high temperature crystalline film
of silicon nitride and the low temperature amorphous coating, respectively.
The results whish are given in Fig. 24 clearly show that both of the coat-
ings have very high spectral emlssivities. Therefore, the observed temper-
ature drop of the rod upon being coated is real, not merely apparent.

2.3.1.7 ZBy-products of the Reaction

It wvas ooserved that during the course of the early experimente
a considerable quantity of material was deposited from the gas phase. This
was particularly true of tiie reactions in which the substrate was neld at
& high tenperature and the fiow of gases through the reactor was relative-
ly slow. The material deposited from the gas phase varied in color from

Wizl SR R S A 459



o B T oTT T T - ti 3
o
E
Curvs 58‘:&"“ . | E
-1 T T l |
16001 O Bright Mo Rod B S
A Coated Mo Rod L
|
1500} ] 5
i
!
§
1400} - L
® i
) ! ;
T 1300 - L
) L
o i
X %
5 .
S 1200 ] i
=]
—
1100} =] |
1000+ ]
| - | | : | I | ]
900 1000 1100 1200 1300 1400 1500 1600 ‘
Brightness Temperature ( TB} of Sunace, °C ;
Fig. 24—~Brightness Temparature of the Surface Compared to that of a
? "' Black Body Hole™ for Uncoated any Coaisd Molddenum ;

o)
A

4
10
i
el
Sagirce- eiabeniiniieaians




derk brown to almost whice and ylelded an infrared spectrum like ¢
ghown in Pig. 25. Ia this spectrum, which was obtained from a Nujol mall
of the sample, the sbsorpticus in the viecinity of 3 microms are probably
attributeblzs to NH end pecshape OH stretching modes. The peak predominst~
ing st 4.5-5.0 microrns moet probebly arises from an Si-H v:m:.-a.\x:j.m.25

The absorrtions at lower energies, from 8-13 microns, probably
are attributable to Si-0 end Si-N modes. Although 1t is felt that the
concentration of reactive oxygen species in the closed reaction tube is
fairly low, the $i-C and Si-O0X groupings in the gas phase deposits probab-
ly arise, at least in part, from that source and also from reaction occur-
ring when the material is exposed to &ir and during the mulling procedure.

Regardless of the actual chemicsl composition of this solid
phase by-product, it is spparent that the production of high gquality
filns of silicon nitride would be best served by the eiiminstion of the
ga8 phase reaction product. This would result in reduction of solid con-
tanination and prevent depletion of reagents necessary for deposition on
the substrate. To accomplish this objective the resctor was construcced
with a cooling water jacket and the reaction was carried out at reduced
pressure to increase the mean-free patn of the gases. It was r=lt that
thess steps would allow reasonable deporition rates to be aclizved with-
out the production of significant quan '~ies of gas pbase resctic
prodicts., The characterization of nitride films obtained .n this maun.r
are described in Section 2.3.1.9.

2.3.1.8 Mechanism cf the Reaction
The nature of the solid phase by-product, cambined with the

known properties of silane and smmonia, aids in suggesting a mechanism
for the reaction. Silane is known to undergo pyrolysis at temperstures
a8 low as 400°C with the orset of appreciable reaction (that occurring
at a meagurable rate) et 600%.2% 1n contrast , ampsiia is relatively
inert apd Zoces not undergo decamposition unless it is exposed to temper-
atures of 800-9009¢. 2T If, a8 is the case in meny of these reacticns,
the substrate is held &t T00-800°C, the temperature 4n the flowing gases

b7
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must be lover. Therefore the formation of a gas phase product must be
initiated by the pyrolysis of silent. §Since thermsl sctivetion is known
£0 b2 a ready source of radical species in both organic and inorganic
chemistry ,28'30 it seems reagonuble to posiulate that the pyrolysis of
silane, by a free radical mechanism, initiates thzs resction. Ascord-
ingly & resction sequence similar to that below is suggested.

BiH,-5D SiHye + H- (5)
He + NHs-—> Hp + NHp* (6)
8iHy' + NHpy' — HnpSiNHp ")
HeSiXHp + He —> HaSiHe (or HpRSiHp<) + Hp (8)
HeSilH+ + SiHa» —5 HoSiNHSAK, (9)

The reaction proceeds yielding increesingly complex products,
vhich, when they sre of sufficient moleculsr weight and 4in a sufficiently
cool temperature zone, mucleate and form a solid conizneing from the zas
phase.

Termination of the reaction can be eccompliched in a variety of
vays, the most obvious of which 4s simple radical combination az shown in
Equetions T and 9. If the reaction is to be terminated by this mechanism,
it is amsumed that the product is not in & zone where pyrolysis or redical
sbatraction cen occur. Of course hydrogen and higher silanes can also
ariss from a mechanism like that proposed here as shown in Equations 10 and
1.

H- 4 He~>Hp (10)
84He- + BiHg* —>HeS1S1Hy (21)

Although no attempts have been wade to gsther data to verify this
mechanism some additional experimental dAate scems to bear on this problem,
On ssveral occasions attempts were made to deposit silicon niiride on a
thin opirror of platimum which had been sputtered onto a fused s{lice slide.
Initially the platinum formed s bright continuous f£ilm but after deposition
of silicon nitride had occurred and the substrate was again exsnined it was
cbserved that much of the platinmum had been removed destroying the mirror.
This observation may be related to the experiment of Paneth in which metal

k9
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mirrors vere renoved and redeposited by the action of crganic radical
species.3l It seems likely that further investigstions of this mechanism
could benefit from the use of radical scavengers, electron spin r2sonence,
and enalysis of the gaseous resction products Uy infrared and mass spec-
troscopic techniques,

2.%.1.9 Deposition at —~-1000°%C

Typically, substrate temperatures of 1000°C with flov rates of
1-20 cc/min of silane and 25-35 cc/min of ammonis at & pressure of 5-10 torr
give silicon nitride coatings which seem to possess favorable high temper-
sture properties. Some details of the synthesfis of theae films regerding
genersal operating conditions and substrate preparation appesr in Section
2.3.1.4 vhile other aspects of the synthesis and characterization rre
covered in the subsequent paragraphs. The electrical properties are re-
ported in Section 2.4,

2.3%.1.9.1 8tructural Characteristics

Investigations into the crystallire structure of the campounds
hae been pursusd using x-ray techniques. Debye-Scherrer diffraction
patteons (Cu Ka radistion) and tracings from a Norelco diffractometer
(Cr ia radiation) indicate that the coatings cbtained on crystalline
molybdemun substrates, at these temperatures, are generally smorphous.

In some instanceg however, areas of crystalline silicon nitride, probably
erising from surface impurities or other conditions which could lead to
nucleation of the crystalline material, are observed. Such factors could
include for example, small particles carried in the reactant gases, local-
iz6d high temperature or an initislly greater tuwperature than that desired
for deposition of the amorphous material.

Infrared spectral analysis lends support not only to the designa-
tion of the coatings as smorphous but indicates the presence of S8i-N bonds.
Actuzl infrered spectra that illustrate the significant differsnces in
abrorpticn betveen the amorphous and the crystalline materisls are shown
in Pigs. 26 and 27. The broed, relstively featureless, spectrum shown in

74g. 26 would be expectel fram the amusphous material while a iarge number
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of relatively sharp baids, as shown in Fig. 27, are expected froa a
crystalline matericl. The sgampie yielding the spectrum shown in Fig. 27
was confirmed to be a-Sigaly by x~ray powder work.jz

2.3.1.9.2 Elemental Composition

Efforts to ovbtain elemental analytical daia on samples of gilicon
nitride film were carried out by an alkali fusion method which consisted
of mixing e welighed amount of the sample with 5g of sodium } vdroxide in a
platimm boat and heating the zixture in a tube furnace at ~T009%C for two
hours. The ammonia produced in the fusion was carried by nitrogen into a
saturated solution of boric acid end then titrated with 0.1 K hydrochloric
azid. Determination of silicon wes cerried out by fusion of a mixture of
the sample, potassium nitrate and sodium carbonate czontained in a
platinum crucitle. The resultant fuszed mass was subsequently treated with
suifuric ecid, the precipitated silica teing washed and then ignited at
1000°C for one hour. The weight of silica was used to determine the silicon
content of the f£ilm.

Anelysis of several samples by this method geemed to indicate non-
reproducibility of results. A limited amount (27 mg) of costing was
analyzed for nitrogen by the above technique with only 29.8% being found.
Anelysis of another semple yielded values of 35.3% erd 31.7% for nitrogen.
Tis, couplsd with a 72.5% analysis for silicon on the same sample prepara-
tion, suggested that either the sample was not coupletely homogeneous cr the
analytical techauiques did not allow camplete dszompogition o7 the semple.
S8ince the ocriginal sanple hed been crushed and mixed thoroughly pricr to
analysis it sesms that the iatter #xplsastion is more reesonable. (It
should alsc be mentioned, however, that ouly smell quentities of samples
vere available at that time and this undoubtedly added to the uncertainrty
of the analytical result.,) The analyticel technigue was therefore modified
by using lithium hydroxide rather than sodium hydroxide for the decamwosition
of the nitride semple. The temperature remained at 700°%C and the apperatus
ves modified to minimize poesidle loss of samonie. In order to eliminate
the carry over of contaminating bese the ammonia was first trapped in
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SO ml foil was used in this series of experiments. GSubstrate 1 Jparstion

df{lute sulfuric acid and then regenersted and dissolved in boric scid

for a final determiretion by titration with 0.1 ¥ hydrochkloric acid. .
The resulits ylelded by this technique for the enalysis of silicon
nitride gave good reproducibility on analysis of commercicl samples of .

gilicon ni’“ride a5 indicated in Table 5.

Tabie 5
Elemental Analysis of Silicon Nitride

Pyrolytic £ilicon Nitride Film 58.5 38.9
A.D. McKay Bigl, Powder 58.3% 27,0 o
Union Carbide BizN, Powder 37.4
37.2 .
6.7
3T.4
8isN,, Thecretical Values 69.0% 3.9

Since the modified technique incorporates & aistillation of the
cvolved arzaonia,the possibility of erroneour high nicvrogen values is
virtually eliminated. The values quoted for nitrogen content are thare-
for taken as representing the minimum nitrogen values; che poesibility of
ircomplete decomposition or loss of ammonis from other factors still being
a8 possibility.

205.1.903 Oxidetion Protecticn
Relatively thin molyhdemus subsirates were chosen for thic oxidation

s"cwmardcrtoreducethemr&umsotthe:uhswatewdgivethe .
highest surfece area to weight ratio possible. 8ince previous experience
with 5 =il foils had indicated that these were difficult to heat unilfowmly, .,

and deposition conditions were, in genersl, the came as those 7 - iousir ,
described and the ssaple received two coatings on each side for ¢ -te” of ;




88.7 mg of eilicon nitride deposited over an area of ~U43.6 cf.  Assum-
ing & density of 3.18 &/ e’ for the deposited coating,the celculated
thickness 18 ~6.4 u. The original weight of the uncoated foil was
5,4700 g.

For the oxidation test on this foll the ssmple was placed on a
piece of platinum foil and inserted into a furnace maintained at 1000°C.
The eZJiple was contimucusly exposed to air duvring the heating period and
was shock- heated and air-quenched in the sense That it wes inserted and
rersoved from the furpace without preheating or slow ccoling of the sa_ple.
After 32 minutes at 1000°C the sample was removed from the furnace and
ellowed to cool to roor temperasture. A welght loss of 2.1 mg had occurred
{0.04% of the coated specimen) but no pits or other flaws were obvious.
The semple was returned to the iurnace for heating at 1000°C for en add-
itional 32 minutes and wes again remcved for observation. The sample had
guffered a total weight loss of k.3 mg (0.26%) and had obvious feilures
at two locations (Fig. 28). One of these wes at a corner (Fig. 29) and
the other was a pinhoule near the center of the foil (Fig. 30). A mumber
of crecks wers cobserved in the coating prior to this oxidation protection
study and these were periodically observed during the test (Fig. 31).

Ko signs of oxidation vere visible in the vicinity of these cracks, in-
alcating that they either do not extend to the molybdenum surface or are
campression cracks that are still closed and air tight at 1000°C. Since
the codtings are deposited in o two stage process it ie not unreasonable
to postulete the former ci these two conditions ar a reason for the absence
of oxidation at s surface crack.

0f interest, and visible in both Figs. 29 and 3] ,are the deformed
edges of the molybdenum foil. These edges, vhich are very rough and ahow
the effoct of being sheared from a large piece of foil, are remarkably
well coated with the nitride f1ilm end shov no pronounced tendency to break
down by cracking or spalling from the substrate. Although this specinen
has failed in the vicinity of a& corper, the coating has shown good oxida~-
tion protection along the distorted edges and at the three remaining
corners of the foil.
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A similar molybdenum substrate was prepared in a slightly different
manner by rounding the edges and corners before film formation. This sample
received a total of 9%.2 mg of coating over essentially the sime ares;
yielding a caleculated thicknes of —6.8 u. This specimen was tested for
oxidation protection in a similar manner at 1000°C,but was removed from
the furnace and examined after 17 minutes and, again, after %8 miuutes of
heating. No flaws were obvious at. these times but after 60 minutes of
heating, the sample had again feiled at one corner. This was the only
visible flaw in the coating and was responsible for a weight 1oss of 20.9 mg
(0.37%).

For comparative purposes, an uncoated sarmple of the same molyblenam
foil was heated at 10009C for 15 minutes and was observed to have under-
gone a weight loss of —65% (see Fig. «8).

The coverage of the substrate, which gives rise to ‘he ocxddation
protection, was determined by sectioning and polishing a sample and micro-~
scopically chserving the coverage obteined. Micrographs taken duzring this
investigation are shown in Figs. 32 t. 3. These, in general, indicate
that the films obtained are,on the upper surface, uniform and continuous.
The large number of volds apparent in several of the micrographs probably
arose from demage snd pullouts during the cutting and polishing of the
sample or during voltage breakdown testing of the sample.

2.3.1.5.4 Density '

The density of a sample of amorphous silicoa nitride film, which
had been removed from the molybdenum substrate, was determined by the
bouyancy method using a mixture of brguoform .(sp. gr. 2.82) and methylene
iodide (sp. gr. 3.33). A value of 3.08 g/cec, which comperes favorably
with the x-rsy density of 3.18 gfcc for a-8igN,, vas obtained.”>

2.3.1.9.5 Flexibility
The flexibility of silicon nitride films on 10 mil melybdemus foil

was investizated by bending strips of the coasted foll arcund successively
smaller mendrels. Since the thermal coefficient of espansion of molybdcwm
is greater than that of silicon nitride (sse Tabls 4} these costings, which
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Fig. 36 Cross Section in a More Uniformly Costed Area of the Sample (200x)
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Molybdenum Substrate (1000X)

RM 38096




. o . AR ATRANE 2
B e A e gy S w m e P - s . et ¥

are deposited at 10009% ; woald be expected to be in compression at room
temperature. It is anticipated then that bending the foile, vhich are

- coated on only one side, with the uncoated molybdenum surface against
the mandrel would relieve the compression or put the coating under
. tension. Bending the samples with the coated surface against the mandrel

would put the coating under greater compyession. It would be expected,
therefore, that flexing the samples to relieve compression would give a
lesser chance of failure than flexing to put the coating under greater
campression.

This is borue out by the data presented in Table 6 which indicate
that flexing to relieve compression cen be carried out successfully. Bend-
ing in the opposite direction results in early failure.

Table 6
- Flexibility Tests on Coated 10 Mil Molybdemun Foil

Coating Mandrel Size
Thickness(y) Bending Direction  (dismeterminches) Observation™
2.4 increase compression 0.512 fleking of coating
2.5 relieve compression 0.050 no cracking or
flaking
6.9 relieve compression 0.212 no eracking or
flaking

% Thickness determined by angle lapping at 3° and measuring microscopically
## pPxammined microscopically at 100X after each bend.

2.3.1.9.6 Deposit-Qubstrate Interface
It has been experimentally observed (Fig. 37) that a dark inter-
face is often formed between the molybdenum substrate and silicon nitride
) coating and that upon removal of the coating, when this is possible, the
interface can either remain with the substrate or sdhere to the coating.
° Some preliminery investigations, primsarily using x-ray technigues, have
g been conducted into the nature of this interface material.
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Upon removeal of a portion of the silicon nitride £4im of one
sample the interface material adhered to the substrate in certain arees
but, 41 others, remained with the removed sili_on nitride coating. This
interface was very dark and adhered quite well to the substrate and
coeting, respectively., X-ray diffractometer tracings of the interfacial
material remsining with the moliybdemps substrate reveeled the presence
of a-BigN, and Y -Moli, as recorded on ASTM card 3-~907. A portion of the
interface was then scraped free of the molybdenum and examined by normal
powder methods. Once again Y -MoN, was identified,with the possibie
presence of MoSi, (AST™M card 5-Thk9). A weak phase of o-SigN, was eliso
found in this powder work.

2.4 Dielectric Measurements
2.4.1 Messurement Techniques

“he measurenent teciniques used throughout this work were essen-
t1ally as described in the technical mpor’c8 covering the first year of
work on this project.

During this second year, dielectric measurements were made almost
exclusively with sputtered platinum eiectrodes on the specimens, which
were thin coatings of alumimm nitride or silicon nitride on molybderum
substrates. Thus the specimen had a molybdenum electrode trse and a
rlatinum electrode on the other side. A few tests were made toward the
end of the program of AlN specimens which had been removed from the sub-
strate, and platimm clectrodes applied to both sides.

Earlier measurestents, particularly of AlN, were made with coatings
on round rods (1/2 inch diameter). Many later tests were made with cost-
ings on flat plates of molybdenum.

Dislectric measurements were frequently made with both increasing
temperature and with decreasing temperature from the maximm test temper-
sture. Jn all cases the tests were made at & few torr pressure, or 1 atn
of dry Np, the latter being preferred. Tests were always made using a
guarded electrode, 80 placed that any conduction current, except that
vhich passed through the messuring electrode sarea, was intercepted by the
guard electrode and did not influence the measurements. This was done
vith buth a~c and d-c tests. Usuxlly &-¢ msesurements were tried with both
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polarities. The values with polarity reversed usually agreed within 105,
. except as noted in several instances. Except as noted, the d-c velues
vere rcported for the case with the substrate negative.
In most cases “he applied voltage for the dielectric measurements
wvas less than 10 volts.

2.4.2 Dielectric Tests on Aluminum Nitride

The conductivity of the aluminum nitride coatings varied appreciabiy
from specimen to specimen, depending on the method of preparation. The low-
est conductivity values were obtained on specimens IHT9-1 and IH90-3, as
shown in Figs. 38 and 39.

Often conductivity, tan & and capacitance values were lower after
having been heated to the highest test temperature at 800° or 900°C. Since
the heating during this measurement wes usually at a reduced pressure or
in dry, slowly circulating N,, it is presumed that the heating removed
some volatile conductive material, possibly water. 8Since the specimen
bad usunlly already been, during preparation, at a temperature higher
than the highest measurement temperatire it is presumed that the agent,
which was being evolved, had been absorbed while the specimen was kept
under atmospheric conditions prior to measurement. Whatever was chang-
ing to reduce the conductivity occurrec quite slowly, sinca quite a few
hours, sometimes days, elapsed during the measurements with increasing
temperature. Several samples were held at 200°C for 75 hours, and the
capacitance and conductivity wvere observed to decline elowly over this
period.

Contimuity of the thin sputtered platinum electrode contimued to
be a problem, particularly with some of the rougher coatings. This factor,
together with the varisbility snd uncertainty of the coating thickness
over the meam'ed area of the specimen usually prevented very accurate
dielectric constant messurements. Dielectric constant values in the
vicinity of 6 to 11 were nbtained at low temperstures, increasing with
tomperature, faster at lov frequency.
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Fig. 39—Dieleciric Properties of AiN Coating on Moiybdenum Rod

Sample LH90-3

) .
\ . m N o ‘ y
Aq Tt ——— - J T - . .‘L e B @ “
/ J ‘ _ . / ~ i
. , ) t
; \ 1} | _ ____ __ N j
[ % — ._.tA 1i - —— —— ..00..0.0+Ir| ¢4 — -+ b JJJI t.u !
\ L _ i ._._4_ i f.. |
B + H
It r M . ' _“ _. e _ | .. __ i .
Y 1 ) : ! ‘ : - o
A , m - _wm e e — _ — Zwmm — 3
= ! 3 ! A M ik -
W % |5 / ! ~ : -y y __,,_ ! ” __ _ — — =__ _. ws
; c Z o | ' H m HITEE . 1
: 8 & ” ’ oo ._.f S N ! i B .\
M m_h \ \ ” K Lo i ;f | “.. oy
' ' (L ! 1 a
| ¥ — bt o o t r i - bt | | i1t ? - br Y
M IR SR DNt ¢T 21
1 | _ | i p 1l K ki ed !
+ . ! H ' : ) (R
. F W L _ Mﬁ : _~ H — ~.~ A _?‘ I _:L P H —mhwu ad :J».M_,
' — o .
’ N N n wn N [s¢] [ea} w — ﬂ .ﬂ ..bﬂ lg.
" ¢ 5 % 35 8 o E o ° e & o 2
° it o:c‘..u < 2 P _-E:: 1A 1130pI0Y




Curve 581728-4

107° S
;
T .
-7 i
i
|
|
10-8 !
16-%

-
o
[}

o

Conduciivity, (ohm-cm} -1

EO“'II

C-12L

= o ) ¥+

3
X
] e N NS -5 S A J
- —7 T o 9 0 b i A
1 ] i !
w*“L=r : =t === =+ .

- — b

[N U SO SR S

[N S RSO

—_ — A et ‘

- Easanies ooy T

.15
s .50 1.0 1.5 2.0 50 k.0 5.06.0 8.0 12.0X 1009
(1/9K Scale)

ig. 40—Conductivity of 0.3025" AIN Coating on Moiybdenum Plate;
Sampie LH101-2

-~ 70 -

>

41

T T e Y e < e
5-(\.»;,‘,_,2’2 T

A S

%’3‘"

— S —_— —m———————— v+ e :
3 f_w B I r g S e——— —w:z;\xy{%:wq: - e
o P ) L A . TR AN s i
Ao . el N ’Té C e :

. ot a - Fxa N - ;

- < 3 : = . [ *

5 . = o or L % o 7R BN 5 hide
T H = o S WA VT




. . . e e Al 55 ok
o Y TSGR A Y s 5 S TR VRIS S YRR
e :

PPN e T

¢

PR R PRI AL D O i 4T A A

Curve 581726-4

Tl e e ] = ey xmes ¥
I U e oo mr = -~ -
ok N — Wi )
v &
ri
1
. 7 ]
1076 = S E
—— g l‘
L4
VA /
/ i
1077 — =
= 7 o
— 2 .,
1 A 7
- e 4 7 L‘y
L4
s s VY-S =x
K Z I —F 7
£ s P , L
2 Y /7 Il /
21077 — =
> - 77 }'1 % 4
o 27 P [ 4 .
3 /7 7 7 t
c
S 107 1% /4 ;.Az g o 1
- - — '
- _1'_ — I‘ -
/ L
7 o=y
T = - !
e 7
~ '] 7
7 —3
D _? |
- 7
1671 == = X8
— v 4 ""' MP avé Y
y 4 \w 1
v A ' AAN
,l
ZSIOK Iz
10-13 = =
I'I I‘f‘j
LA
P
-u.E ] |
10 .25 .50 1.0 1.5 2, 3.0 4,0 5.06.0 8.0 12.0x 100°€C

(1/°K Scale)

Fig. 41—Cor:ductivity of 0.0044" AIN Coating on Molybdenum Plate:

i e Sy o A e

Sample LH107-1
- 71 -

)




Curve 581722-A

1075 o e e S = — ey
s Pl +T — S S —— >
"antvies unfulbnVi ont SRS - e d e BT £
PR f. iy »

1e7

B

-8

SN

1'11ai :

](]']'3 et b ) e e Mo Wi 2l =

Conductivity, obn™1 ¢m
|
i\
!
i
: ‘*T i [ !
i d ‘
i - .
i
I'l
¢4
Lo
T
!
i
;o
p o
H |
T
i
T
!
b
&
4
31

107 13 e ,J

et - e S =
IV“' - [} ¥ »t -4 ——— B 2
; i . —t .
L | . L/ 4 RR
2 ' i
TR e T T TR == =¥ =t
E— - - Tg # i TR k= e
— [, & 4 —‘.f . — e - iL -
” p . ] y i 2 =
/ DC - Substrate Neda&we
-13 é Q
1u —_ == = e e
o ey v : e sy - 1
S SRS S :3:._:_";1‘7 etz 1= TTELIL H

- —t o —

T

S S OO AU SR [ — b

e -

M 110 3.5 o 10710 Jat 259C |
.25 .50 1.0 1.5 2.0 3.0 40 506.,0 8.0
(1/9K Scale)

Fig. 42-Conductivity of 0.0047" AIN Coating; Sample LH110-1

—

- o e
[

2.0 X 100°C

-T2 -

R e i A




B e i ———— e

v,

A R Ehrs -
R S ;
adar s Dot s o gy 2 Tl S G St a5 IR I
L]

Curve 581725-A
19-6 = = r -

A
X P N
1 10-9 — ¥ SE—
. ﬂ S W 4 ﬁ‘
> - s o - —

S G =< i S v i W i

%
¢
S PRSI s i e
iy Sl
3 iy : &
! : —
x -
5 -

1o-11 =

Conductivity,ohm" em !

1012k

107 13E

s

] jo-14 e e

: £ - B - R =
L4 e . .
# O — b

T ' K H
B 10715 === ,;zﬂgf’ -EZ =
N : &S 10K

30-16
.25 .50 1.0 1.5 2.0 3.0 4.0 5,06.0 8.0 12.0 X 100°C

(1/9%K Scale)

Fig. 43~Conductivity of 0.015" AIN Coating Removed from Substrate;
Sample LH111-2

-5 -
L - - —_—
PRI -
e XX - :« N K .
R g N . heT ek .;R~ i < '(; =y }“#\h’a’%}é}? N b ‘.n;;" *
- otk o W | - . » e i
; A




-1

1

Curve 581723-A

fu-’

10-8

1079

S S
e = X S SN SN Sk Sk +H
t . 4 - N P - -~ [NV S -4
- b~ 4 - =
s S s e S R NG S e = =
B T s SR i = 4]
S S p S R & S S I S S S 2 i
R S - - - — ] i i
- R— - —4- - - 1 - l ok ]
= e — e i 5
— = —F= 1= F
p——— —— - e - - 5 i - =4 _f"" -
e —— - s SR B -

o
<
*

(=]

-—
o

Lonductivity, chm

10-12

10" 3=

10‘}"

10°1%

PR Sy i _'__..T [P ASMRIRS SN SN SR
S r———— ——t - s e t—-vmh.._,..._-- -t X -
lo*t6">"‘- i lji
.25 .50 .0 15 2.0 3.0 46 5060 8.0 12.0%100°¢ X
(179K scaie)
Fig. 44~Condu~.tivity of G.0015" SIBNQ Film on Molybdenum Plate;

Sample 104~1:3

- - s 8

T T T T T T, T T T IS =T T T TR \i"sﬁg




et

It is of interes® to note that the activation energy for conduc-

tion is of the order of l.l1 electron volt. This is cbtained fram the
slopes of the d=c conductivity curves, Figs. 38, 42, snd 43, vhich have
the most reliable linearity of sliope at the higher temperature end.
Bven though sample IH79-1 (Fig. 38 ) has nearly a 3 decade lower level
of conductivity than samples 1#110-1 and 111-2 (Figs. 42 and 43) the
activation energies for conduction in the high temperature region are
nearly identical, indicating a similar conduction mechanism. Activation
energies on the othar specimens were not calculated because of insufficient
dsta or curvature of the log o v8 1/Tplot. This activation energy for
conduction is much lower than the opticul energy band gap of 3.8 ev re-
ported for this ma‘berial,'” which indicates the conductivity is probably
wot slectronje. It is probably due to impurity ions, possidbly chloride.
The conductivity level for these specimens of AIN is at least
% orders of magnitude lower than reported recently for their preparations
of AIN by Cox, Curmins et. al.,’ who must have been testing mare impure
materiais. Their activation energy is similar, however. Their tests
were limited to low temperatures (130°C maximum).

2.4.3 Dielectric Tests on Silicon Nitride

The silicon nitride coatings demonstrated a more consistently
lower level of conductivity than the aluminum nitride. However, the
best silicon nitride specimen (145-1Th, Fig. 4T) was not better than
the best aluminmum nitride specimen at hign temperatures.

Silicon nitride coutings showed less decline in conductivity, tan 8
e2d capacitance after being hested to high temperatures, which indicated
£ ;euer saount of impurities or water absorption. All three specimens
reported here in Figs. i, 46 and k7 dooomstrated conductivity levels
close to 1072 st rocm tasverature, which vas lower than any aluminum
ritride specimen tested. A camparison of the conductiviiy curves for these
pyrolytic silicon nitride costings with those for bulk pyrolytic 8igN,
as reported by mtphaly‘ indicates samcwhat higher values for the coet-
2nge, but on the vhole samswbut comperadle. He reported no d-c messurements.
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The activation euergy for conduction 23 indiceted by the slopcs
of the high temperature conductivity curves, Figs. 4l and 47, for two
specizens were 1.8 and 2.3 electron volts respectively. This is sig-
nificantly higher than for aluminum nitride.

A-C dissipation factor curves for s.licos nitride specimens showed
conslistently smoother curves then for aluminum nitride, with no evidence
of tan & maxima and Maxwell-Wagner type polarization. The levele of
wan § are rather low.

Tielectric constant values for the silicon nttride specimen 1k9-
174 srdfted downward during heating to 800°C. It is not known whether
this was a material change or possibly a loss in effective area of the
sputtered platimm. The lower values, after heating, are very close to
those reported by Westph&lj‘ for bulk Sigh,.

2.4 Dielectric Strength Measurements

The sreass of specimens svailable for these dielectric streugth
tests were very linited and the tests hod to be made with non-standard
1/i6" diageter cylinder end, platinum foil covered, electrodes. The re-
eults are an indication of the strength and particularly the contimuity
of the coatings. Values are listed in 'Pable 7.

In the d-c¢ tests the current was measured up to the treakdown
level in a number of ceses. The current eppeared in explorstory tests
tc increase steadily up to breakdown, where a discontimuciis high Jevel
of current occurred. It was noted at the high temperatures that tua
current increased approximately exponentially with the applied voltsge.
Approximate widues for the slope of these lines for silicon nitride ave
300G v/mil 7ér decade increase in current at 500° and 730 v/mil per decads
increase at 700°C. The slope of the los current ¥vs voltage curves for
different spots and different specimens wus similar for the ssee temper~
sture but the level differed. The slope of the log current versus voltage
o styess curve inoreaced witl tempersture and wes greater for the AlN.

WAL the silicon nitride, st 5009, the current resched, with in-
creasing Valtoge, e stable 167el of about 0.01 millismp (for sbout
0.02 o) just prior to treakdown, snd st 7007¢ wbout 1.0 millirmp
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Just prior to breakdown. With the aluminum nitride the r‘able current
prior to breakdown was about 10 times higher than with the silicon
nitride, reaching about 0.2 milliamp at 500° and 10 m~ at 700°C. This
interesting phenomensa should be analyzed further with more precise
measurements.

At high tempersture the breakdown mechanism is very certainly
thermal and depends on the electrical conduction level as well as the
heat transfer rate to the electrodes and enviromment. In addition, the _
exponential increaese in current with voltage prior tu breakdown is in-
dicative of electric {field emission of electrons into the specimen fron
the electrodes, which would enhance the corduction.

Teble 7
Dielectric Strength of SisNg and /Al

Sialy
Specimen Thickness Temperature KV Breakdown, d-c¢
(mils) %

1""6"1—68 103 25 2:&’; 392, 3.8, 206
149-1Th 1.3-1.7 25 2.2, 2.2, 2.4, 2.1
%6-168 i.3 5a0 < 0.3, 2.6, 0.65, < 0.
149-17% 1.3-1.7 510 1.9, 1.1, 1.5, 2.6
149-174 1.3-1.7 707 1.9, 2.1, 2.2

PMS XV Breskdown, W00 cycles
48-173 0.9 25 3.5, 2.9, > 3.6, >3.2
%8-1 0.9 390 1.2, 1.6
Aln ‘ XY Breadown, d-c
115-% 5.6-6.% 25 > £.0, 6.5, > 5.9
17115-3 5e6-6.4 508 < 0.k, 1.0, 1.6
IBLi5-3 5.6~0.4 702 G.6%, 0.72, .75

S ¥ breakdown, 300 cycies
IAlh-1 2020 % 0 0.75, 0.92
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2.4.5 Thermicni- aission in Relation to the Behavior of Insulsators
at High Te erature

The phencmenon of conduction across gas spaces at high temper-
atures was e¢xplored ard discussed at length in the first spoual reporta
on this project. 7Tt was shown that this i1s undoubtediy due to thermicnic
erission, and that the levels of curreni could be comparable to currents
through so0lid iasulesting barriers. This effect was explored somewhat
further 1o demonstirate thet thermionic emission also occurs from insulator
gurfaces. Thac zonsequence of this is that solid insulsating Larriers are
only partially or negligibly effective in preventing current finw vetween
conductors separated by a ges space alt high temperatures.

Exploratory studles of this effect were carried one step further
by tests with a relatively thick insulating barrier. In these tests a
(0.125") quertz pizte sample was used, (General Electric Type 10l). Tasts
of the d-c conduction current were made with e platimm foll electrode
directly on the ssmple cn both sides and, also, with & Jap above tue
saple, between the unconted quartz surface and a cisc electrode covered
with platinum foil. In the latter cess, curreat necessarily floved in
serie through the gas or vacwm gap fran, or to, tne quartz svrface an
then through the quertz. A good guard-shield electrods prevented fring-
ing curvents. ‘he results are summarized in Fig. 9. With ths gsp present,
the current iz lower but still slgnificant. With the gep at low pressure
the current waa higher than 2. satmospheric pressure. Tt had e higher
activation energy thar ccrduction through the quartz slone. At 0%,
the curreat with the low pressuve gap squaled thac with the elecirode
in contact with the sample, indicating that the effactive resistunce of
the low pressure zap was nsgligible compared to that of the cuartz at this
temperature.

In ths vresence of the gap, the currents were more difficuit %o
reproduce on - spented tests after going ¢ higher or lower tamperature
and returaing. Thas the deta are yraplad a8 8 daad. A polerity sffect
vas observed which nes not been explained. If it is essumed that ths
aurrent is conducted across tie gap Ly 2lectrcns; the results indicele
that the quarts surfa~e wae a better emitter at lov yreesure, tut a
poorer exdtier et slmospheric preavsure.
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The results of these tests demonstrate that & gas gap can be con~

sidered at high vemperature as a high vesis‘ance conductor with a nigh *
temperature coefficient of resisteinice. Comduction occurs by thermicnic
enmission even when solid insulating barriers occur in series with the .

gap. The magnitude of the thermionic emission current increases with
decreasing pressure ari increasing voltege. It should be more widely
recognized that this tactor is important when d=signing insulation system
for temperatures skove 500°C.




3. SUMMARY AND CONCLUSIONS

Pyrolytic aluminum nitride has been deposited on the refractory
electrical conductors, molybdenum, tungsten and graphite, using AlCl3'NH3
as the source material. The presence of AIN has been confirmed by ele-
mentul analysis, x-ray diffraction and infrared spectra. Changes in
properties of deposited films resulting from variaiions in deposition
parameters wvere exemined. The mein deposition variables studied were
temperature, pressure, and rate of deposition. The temperature at which
deposition takes place has a very significant effect on the structure,
composition, electrical properties and hydroiytic stability of the deposit.
The pressure and more especlially the rate of deposition affect such pro-
perties as uniformity of coating thiciuess, the occuwrrenze of nodules and
the smoothness of the coating surface. Coatings deposited at 70(Pto 3C0°C
wvere softer, more susceptible to hydrolysis and had a lower order of
crystallinity than thcse deposited at 1000°to 1350°C. The hydrolytic
instability of the low temperature deposits is believed to be due to the
presence of incompletely condensed intermediates still containing hydro-

zable chlorine and possibly aminc groups. As the deposition temperature
is increased to 1350°C, the deposited materiel 13 stable enough to be
heated at 1000°C in ordinery air stmosphere fcr weeks with no change in
physical structure and very iittle change in weight. But even at the
highest deposition temperature the produzt still contains some chlorine
contamination.

It has not been found possible to deposit ALK films under our experi-
mental conditions, at temperatures greater than 135Pto 1400°C. At 1400°
the deposit consists of relatively large individusl beads making only very
small area of contact with the substrate surface. At 1500°to 1600°C nothing
ﬁgposits on the substrate. Tossibly this Zailure to deposit at higher
temperatures is related to a phenomenon described by Iangmuir55 in the depo-
sition of Cd, Hg and Zn films. Iapgmuir showed that there wag & critical
temperature above which deposition would not teke place at any set vapor
intensity. He pointed out that the temperature at which condensation
would teke place could be increased by increasing the source material tem-
perature, that is, by increasing the intensity of vapor striking the substrste
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surface, According tc langmuir e vapor atom has an everage life on a
surface which it strikes befora it evaporates. The average 1ife will

be longer, and condensaticn more likely, the lcwer the subsirate tempey-
aturz and the greater are the forces which bind the atom to the substrate.
If the average life of the condensed ztom is long enough for e second
atom to condense on it, then the energy required to evaporate sithsr atom
is incresased and deposition begins.

Aluminum nitride deposited on molybdeium rods snd wire coils was
found to offer considerable prctection to these substrates when heated
in air up to 900°C. A limita*ion of this process ig the fuability of
the coating to penetrate deep pits or crevices,

Cuatings of aluminum uitride on molybderum fcil are quite brittle.
However, they could find use 1n cepacitor construction where sherp bends
are ..ot encountared. They might also be used tc insulate preformed coils.

Pyrolysis of gaseous wixture of silane, smmonia ard occasionaslly
nitrogen has resulted in the deposition of films of «- Si3ﬁh on rolytdeaum
substrates heated tc high temperaturess. It has been observel that the
206tipgs preparsd in this manner are erystalline, hard, have high spesctral
emissivities and provide some degree of oxidation protection to a mclybdenum
gubstrate. If the films are deposited st low temperature (700-800°C),
they are obsexved to have guite different characteristics., Prominent smong
thege are & lack of crystallinity, relative softness and instability abuove
1000°C to yield crystaliine silicon. At temperatures of ~1000°C and
reduced pressures the films obtained are found to be adhereme snd amorphous
materials. These coatings, which have veer more theoroughly irvestigsted
then those deposited s¢ lower or nigher teuperatures, are hasd (>3 on
Mohz' scale) and charscteristically yield an infrared spectrum like that
;xpacted from amcyphous silicon nitride. The elemental constitution of
meteriel syntheeized under these conditions, as determined by an alkali
fusion method, is consistent with the desaignation of these filng as silicon
nitride, Silicon nitride prepared in this manper is dense, having an experi-
mental density of 3.08 g/cc compared to the x-ray demsity of 3.18 g/cc for
o ~Si3!lu, and affords oxidation protection {0 & molybdenur substrate.




Projection onto a substrate is excellent with deposition occurring rather
unifornly over smooth surfaces, sharp edges and rcugh sides of molybdenum
substrates.

Consideratioa of the nmature of the reactants and sxamination of the
solid phase by-product sometimes obtained in the pyrolysis of silane and
amuoniz allows a mechanism for the reaction to be suggested. This mech-
anism postulates that the reaction is initiated by the pyrolysis of silane
to a radical species with propagation and termination proceeding by radical
abstrects-:: and combinations recspectively.

Continued dielectric tests on aluminum nitride coetines have in-
dicated some preparations which have lower conductivities than previously
found for this materisl - levels as low s Lx10™10 (ohm-m)'l at 25°C and
3x10™7 at 800°C. However, many preparations of tbi: material show mach
higher conductivities end the level appesrs to be not very reproducible
upon heating and coocling.

Silicon nitride coatirgs appear to have more stable and repxrducible
dizlectric properties than A1N coatings as prepered !n this project. Coa-
ductivities of silicon nitride coatings ha.ve been made repeatedly close
to 10710 (otm-cm)™* at 25% and about 10™° at 1000%. It should be a
usable dielectric at lower voltages up to that temperature. D-C di-
electric strengths of about 1300 volts/mil nave been obtained at T70°%,
on SigN, coatings. Further investigation of the dielectric strengih of
silicon nitride coatings for larger arees should be made over wide temper-
ature rapges and for practical conditions.

Purther exploratory tests of comduction across gas spaces at high
temperature by thermionic emission reveel that insulator surfaces also
are emitters and tnat coiductios cceours across gas spaces in series
with solid insulaiing barriers. Such thermiomic emission conduction
should be considered in designs of fuwre high tempersture insulation
systems. A further systematic investigation of tuis phenomenon and the
practical limitaticns it places on high temperature electrical systems
is recommended.




(2 M e T

There ary several areas in wvhich interes’ ng basic resesrch
programs are suggested by this project. These erve.s are: the study of
thermionic emission from insuvlator surfaces and prectical types of high
temperature confuctors (i.e. witk oxidized surfaces); and in the study
of high electric field conduction at high tempersture in solid insuls-
tors up to breakdown siresses.




13.

14,
> 15.
16.
AT.

19.
20.

2l.

4. REFERENCES
K. M. Teylor and C. Lenie, J. Electrochem. Soc., 107, 308, 1960.

G. long and L. M. Poster, J. Am. Ceram. Soc., 42, 53, 1959.

g. Popggr and S. N. Ruddleden, Trans. British Ceram. Soc., 60,
~, 1961.

T. Remner, Z. Anorg. Allg. Chem., 298, 23, 1959.
G. A. Cox, et al., J. Phys. Chem. Solids, 28, 543, 1967.

T. L. Chu, D. W. Ing, A. J. Noreika, Westinghouse Electric R&D
Report 67-9F9-AINUV-F2, to ba published in Solid State Electronics.

L. F. Coffin, Jr., J. Am. Ceram. Soc., 47, 473, 196k,
D. Berg, et al., AFMI-TR-66-320, Part I, July, 1966.

M. Hoch and D. White, MCC-1023-TR-21k4, Ohio State University
Research Poundation (October, 1956).

L. Weiss and T. Engelhardt, Z. Anorg. Chem., 65, 38, 1909.

H. Funk 1ibid., 133, 67, 1924.

O. Glemser and P. Neumann, Z. Anorg. Allg. Chem., 298, 13k, 1958.
For excmple see Symposium on Silicon Nitride, Extended Abstract
Vol. 3, No. 2, Electrochemical Society, Fall Meeting, Philadelphia,
Octoter 1966.

S. M. Ha, J. Elec. Chem. Soc., 113, 693, 1966.

C. R. Parnes and C. R. Geesner, U.S. 3,095,527, June 25, 1963.

C. R. Barnes and C. R. Geesner, U.3. 3,038,243, June 12, 1962.

C. R. Barnes and C. R. Geesner, U.S. 3,122,450, February 25, 196k.
C. R. Barnes and C. R. Ceesper, J. Blsc. Chem. Soc., 107, 98, 1960.
Ibid., 110, 361, 1963.

D. B. Miller and H. H. Sisler, J. Aa. Chem. Soc., T7, 4598, 1955.
H. J. Bueleus and K. Stevart, J. Chem. Sos., 677, 1936.

Ihid., 1162, 1935.




23.

zh'

a25.

REFERENCIS (CONT'D. )

Matheson Geas Data Book, Fourth Edition, The Matheson Company, Inc.,
PP mi“é, mo -

J. Ruminik, Jr., editor, gi_gh Temperature Inor c Cg_ttt%g,
Reinhold Publishing Corporation, New York, 1903, pp. .

Sadtler Research Iaboratories, Inc., Philadelphia, 813nh-3pectrum
Y3833, 1965.

C. H. Tindal, J. W. Straley, and H. H. Nielsen, Phys. Rev., 62,
151, 19k2, ‘

Matheson Gas Data Pook, Fourth Rdition, The Matheson Cowpeny, Inc.,

7. 11, 1906,

C. Walling, Free Rasdicals in Solution, John Wiley & Sons, Inc.,
¥ew York, 1957.

E. W. R. Steacie, Atomic and Free Radical Reactions, Second Biition,
Reinhold Publishing Corp., New York, 195%.

Free Radicals in Inorganic Chemistry, Rumber 36, Advances in Chemistry
Series, American Chemical Society, Weshington, D. C., 1962.

F. Pansth and W. Hofeditz, Ber., 62, 1335, 1929.

S. N. Ruddlesden and P. Fopper, Acta Cryst., 11, 65, 1958.
J. Iagrensudie, J. Chim. Fhys. (1956), p. 222.

W. B. Westpbal in APML. TR65-396, p. 27.

1. longmir, Proc. Nat. Acad. Sci., Wash., 3 141, (1917).




8 A
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security clascilication of title, body of a- trect and indexing tation must be eitored whan e overall cxport 16 classilled)
1. ORIGINATIN G ACTIVITY (Corporate author) 28 RICOAT IRCUNITY C LASSIFICATION
£
Westinghouse Research Iaborstories Unclassified
Pittsburgh, Pennsylvania 15235 25 sroue

3. REPGRTY TITLE
Development on High Temperature Insulation Materials
Part II Deposition and Properties of Pyrolytic Aluminum and Silicon Nitrides

4. DESCRIPTIVE NOTES (Type of report and inciuaive dates) .
Scientific neport, Final Technical Report, June 1965 to June 1967
8. AUTHOR(S) (1.ast name, first siame, Initial)

ewis, D. W., Sestrich, D. E., Esposito, J. N.,
Dekin, T. W., Berg, D. ®"(PI)"

§. REPORTY DATE 7a. FOTAL HO. OF PAGKS 75 3NO. OF REFS
August 1967 90 35
8a. CONTRACT OR GFANT NO. $0. ORIGINATOR'E REPORT NUMBRNA(S)

AP 33(615)-2782

& PROJECT NG\,
7311

(-1}

Task No. 737101
d.

. znl | {.] u’PonT NXS) (Any ofher tumbers Mat roay be Resigned

APML-TR~66-320, Pexrt TI

10. AVAILABILITY/LIMITATION NOTICES This document 18 Bubject Lo special axport controls
and each transmittal to foreign governments or foreign naticnals may be made only
with prior approval of the Air Force Materials Iaboratory (MAYT) wright-Patterson 4;
AFB, Ohic k5433 !

11. SUPPLEMENTARY NOTES 12. SPONSCORING MILITARY ACTIVITY
Air Force Materials Iaboratory (MAYT)
49 Pigures Wright-Patterson AFR, Ohio LSk33

13 assTracT (UNLIMITED )--Pyrolytic aluminum nitride has been deposited on refractory
electrical conductors using AlClx'MH3 as the source material. Effects which pres-
sure, temperature and rate of deposition have on elactrical and other properties
of deposits have been determined. Density ol deposited coatings approach that of
the calculated value. However, they still contain residual chlorine, causing
electrical properties to fall short of what is expected of dense high purity AIN.

(v)

Pyrolytic silicon nitride has been prepared from gaseous mixtures of
silane and ammonia under verying conditions of temperaturs and pressure. Adberent,
relatively soft; amorphous £ilms have been deposited on substrates bested in the
700° to 800°C range whils hard crystalline coatings of q-8isf, bave been obtained
in the wvicinity of 1250°C. Coatings, which are both hard amorphous, heve been
deposited at ~1000°C and bave been characterized by a mumber of techniques. (U)

High temparature dielectric property tests of alumimwm and silicom nitrided
have indicated good high temperature resistivities with some samples, but -onsider<
able variahility existed eamong sspples. Measurements on aluminum nitride in per-
ticular, have indicated the presence of impurity conduction. Silicon nitride coat-
ings seen to demonstrate swre consistently bigh x’esisﬁv%ties which make this
material a potentially useful dielectric st 800° to 1000°C at low voltages. (U)

Studies of the conduction scrcss gas spaces, due to thermionie ewission
at high temperature, indicate this effect is very important in high temperature
insulation systems. Solid inaulating barriers do not prevent, tut only modify
such ccaduction, since the insulation surface is also a thermionic emitter.

DD .o, 1473 ! Unclassified

Security Clagsification

RM 35084




R

AR ALY, o

Mmelagsified

Smegrity Clns:ific&tim
od - L s e (I —

14. LINK A LINK B LINK C
; KEY WORDS
ROLE wr RoOLK wT HoLR wT
Alodrgs Wtxide ¥Molybdenum
8iiicon Ritride Tungsten
Pyrolytic Graphite
Fillms Exigsivity
High Temperzturs

Electrical Insulation
Dielectrie Properties
Electron Emission
Oxidation Resistance
Crsnposition
Flexibility
Structure

Adhesion

Refractoxry

" 10. AVAILABILITY/LIMITATION NOTICES: Ester any lim-

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense ectivity or other organization (corporate author) issuing
the repo:t.

2a. REPORT SECUWTY CLASUIFICATION: Enter the over
all security claseification of the report, Indicate whether
“Reniricted Data” is included Marking is to be 1n accord
wunce with appropriate security regulations.

26. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200, 10 snd Armed Forces Industrial Marual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as authce-
ized.

3, REPORT TITLE: Enter the complete report title in all

capitel lotters. Titles in ail cases should be unclasufied.

if a meaningful title cannot be selected without classifice-

tion, show title classification in all capitals in parentheris
immediately following the title.

4. DESCRIPTIVE NOTES: 1If sppropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final,
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, lirst name, middle initial
if mititery, show rank and branch of service. The name of
the principsl «ithor is an sbsolute minimum requirement,

6. REPORT DATEI: Enter the date of the report as day,
month year, or month, ysern If more then one dste sppeers
on the repaorg, use date of publication.

7s. TOTAL XUMBER OF PAGES: The total page count
ahould follow wormal paginstion procedures, iL.e., snter the
number of pages costaining information -

76. NUMBER OF REFERENCES Enter the total number of
teferences cited in the report.

8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the spplicahia number of the contract or grant under which
the seport was writtan,

8b, 8, & 8¢. PROJECT NUMBER: Enter the ropropriate
wititsry departmant identification, such as project number,

3 .o roject nunber, system vumbers, task numler, eic

9a. JRIGINATOR'S REPORT NUMBER(S): Eater the offi-
cisl repert sumber by which the documeat will be identified
sad controlled by the originating sctivity. This number must
be unique to this raport.

¥4, OTHER REPGRT NUMBER(S): H the report has beun
asuignes sny other repcrt aumbars (ecither by the originator
or By thv zponsar), also snier this number(s)

{tations on further dizgamination of the report, other then those|

imposed by aecurity classification, using stendsrd statemenss
such as:

(1) *Quatified requesters may obtain coples of this
1eport from DDC. "

(2) ‘““Foreign announcement and dizsem:astion of thia
reaort by DDC iz not auttorized,?’

{3} ““U. S. Government sgencies may ocbtain copies of
this report direcily from DDC. Other guelified .. 3C
users shall request through

”
.

(4) '*U. S. military sgencies may cbtain copies of this
report directiy from DDC, Other qualiiied users
ahell request through

”
-

(5) *'All distribution of this report is controlied Qual-
ified DDC users sitall request through

”
.

If the report has bean furnished to (he Office of Technical
Services, Departme.t of Commerce, for sale to the public, inai-
cste this fact and enter the price, if known

1L SUPPLEMENTARY NOTES: Uge for additional explane
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departme atai project office or laboratory sponsoring (pay-
ing for) the resesrch and development. Include address.

13. ABSTRACT: Rater an abstract giving a4 brief and factua!
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of "« technical re-
port. If additionat rpace is required, a continuation sheet shall
be attached.

Itis ly desirable that the abstract of classiiied reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph 37 ted 23 (T'S). (S). (C), or (U)

There is no laitatios or the length of the abetract. How-
ever, the suggested length .3 from 150 (o 228 words.

14. “EY WORDS: Key words are tecranically meaningful terms
or shert phrses that characterize & report and may b2 ased »e
indax entries for catalogiag the report. Key words must be
selected so that no security classificstion ia required. ldonti-
fiers, such as equipmant mode! designotion, trade nams, military
project code name, gsogrephic Iocation, ey be uaed as key
woyds but wifl be followad by sn indication of technics! con-
cext. The assagament of links, rules, snd weightis la optional.

PO

—

S ___‘______.-M% Al




